The role of Ca2+ transport in the mechanism of Al toxicity was investigated, using a Ca2 -selective microelectrode system to study Al effects on root apical Ca2+ fluxes in two wheat (Triticum aestivum L.) cultivars: Al-tolerant Atlas 66 and Al-sensitive Scout 66. Intact 3-day-old low-salt-grown (100 micromolar CaC12, pH 4.5) wheat seedlings were used, and it was found that both cultivars maintained similar rates of net Ca2+ uptake in the ab- Calcium transport into the root is greatest near the root apex (4, 6), which is also the primary site of Al accumulation and Al-induced toxicity (2, 16, 22, 27) . Interactions between Al and Ca are probably the most important factors affecting Ca uptake and transport in plants grown in acid soils (pH < 5.5) (7). For example, when nutrient solution Al levels were increased, shoot and root Ca concentrations in wheat (Triticum aestivum L.) were dramatically decreased (20) . Also, addition of Al to the nutrient solution significantly decreased average net Ca2+ influx in annual ryegrass (Lolium multflorum Lam) (23). There is a wealth of information indicating that Ca and Mg accumulation in plants is depressed by Al much more significantly than other important mineral nutrients (1, 3, 23) . ' Part ofa thesis presented by the senior author in partial fulfillment of the Ph.D. requirements.
cellular mechanisms by which Al interferes with plant Ca nutrition are still not known. Aluminum has been reported to affect the properties of cell membranes. Zhao et al. (30) reported that Al altered the combined permeabilities of the plasmalemma and tonoplast in the root cortical cells of red oak, Quercus rubra, indicating that Al interfered with the structure of membrane lipids. Vierstra and Haug (29) found that Al decreased the membrane fluidity in the microorganism, Thermoplasma acidophilum. Possibly, Al-induced alteration in the properties and architecture of the lipid bilayer influences the activity of transport proteins mediating the absorption of important mineral ions, such as calcium.
The growth responses of a number of plant species in relation to Al toxicity have been extensively studied (8, 11, 23, 28) . In these studies, prolonged exposures to Al were usually used. There is a concomitant reduction of root growth and nutrient accumulation in plants grown under long-term Al stress. Therefore, it is difficult to separate more general long-term effects of Al associated with an inhibition of root growth and function from more immediate effects on specific ion transport systems. Nutrient uptake rates based on ion accumulation in the plants or on ion depletion in bulk solution are averages for the entire root system and for the entire experimental period. These techniques may not be best suited for studying Al effects on Ca2+ uptake; i.e. because Ca2+ fluxes can vary considerably, both along the roots and with time (5, 6, 15, 26) , Al effects on Ca2+ transport in specific localized regions of the root, such as the apex, may be very important in understanding the mechanisms of Al toxicity.
The objective of this study was to investigate the effects of Al on Ca fluxes in intact roots of Al-tolerant and Al-sensitive 100 gM CaCl2 solution (pH 4.5) for 5 h and then germinated for 24 h on filter paper saturated with the same solution. Two germinated seeds, with radicles emerged, were placed at the bottom of a polyethylene cup having a polyethylene mesh bottom and covered with black polyethylene beads. Four seedling cups were placed over 2.8 L of aerated 100 ,M CaCl2 solution (pH 4.5) , in plastic containers with outer covers of black plastic. The seedlings were grown for 3 d in a controlled environment growth chamber with a 16 h, 20°C/8 h, 15°C day/night regimen and 580 ,umol m-2 s-' light intensity at plant height.
Root Cell Wall Preparation
Morphologically intact root cell walls were prepared by a modification of the method of Ritchie and Larkum (25) .
Briefly, 3-d-old wheat seedlings (grown in 100 ,M CaC12, pH 4.5) were washed alternatively in 0.5% Triton X-100 and 95 % ethanol for 24 h. Then, the seedlings were pretreated as was done for intact plants, before being used for measurements of Ca2+ fluxes into the root cell walls.
Measurement of Net Ca2+ Fluxes
Single-barreled borosilicate glass capillaries (catalog No. lBlOOF-4; WP Instruments Inc.) were cleaned, pulled, and silanized as previously described (14) . The 
where JCa is the net Ca>2 flux (in ,imol cm-' s-'), DCa is the self-diffusion coefficient for Ca> (in cm2 s-'), C, and C2 are the Ca>2 activities at the two positions, and RI and R2 are the respective distances from the positions where the Ca>2 activities were measured to the center of the root. The appropriate conversion factors were then used to give flux values in terms of ,umol g-' h-'. Because the mass flow of water to the root (due to transpiration) could significantly influence the Ca>2 diffusion profile that was generated in the unstirred layer at the root surface, we previously determined the rate of transpiration for young seedlings under the conditions used for these flux experiments and found the rate of transpirational water uptake to be nearly zero (data not shown).
Before both varieties (Fig. 4) . There was no significant difference in -240 _ net Ca2+ uptake between the two varieties when Al was not present in the bathing solutions. Ca2, influx into roots of Al-sensitive Scout 66 by 50% at 2 mm back from the root apex and by 40% at 5 mm back from the apex (Fig. 5) . However, the same Al exposure had little effect on net Ca2" influx in roots of Al-tolerant Atlas 66, reducing uptake by only 5% at both 2 and 5 mm back from the root apex. When the Al concentration in the bathing solution was increased to 20 gM, net Ca2+ flux into roots of Scout 66 was changed from a net influx to a net efflux (Fig.  5) . However, for the same Al concentration, Atlas 66 still maintained substantial net Ca2+ influx into the roots (>50% of the control at both 2 and 5 mm back from the root apex).
The dynamics of Al interactions with root-cell Ca2+ transport in both intact roots and morphologically intact root cell wall preparations are presented in Figure 6 . Before 20 ,M Al was introduced into the bathing solution, net Ca>2 uptake in intact roots of both Atlas 66 and Scout 66 was similar (Fig.  6A) The same Al treatment (20 ,M) had no effect on net Ca>2 fluxes in morphologically intact root cell wall preparations obtained from either variety (Fig. 6B) . As expected, net Ca>2 fluxes measured in the absence of Al in these cell wall preparations were randomly distributed at approximately zero, and Al exposure did not cause a significant net Ca> efflux, which might have been expected if Al was involved in significant interactions with cell wall-bound calcium.
Magnesium and K Effects on Net Ca Flux
Addition of 80 gM MgCl2 to the bathing solution significantly decreased net Ca>2 uptake (P < 0.001) by both Atlas 66 and Scout 66 (Table II) . In contrast to the Al effects on net Ca2" influx, Mg depressed net Ca2" uptake by the two varieties equally. Quite speculatively, it appears that Ca and Mg are transported into the root cells through a common pathway (divalent cation channel?). Addition of 160 Mm KCl did not significantly influence net Ca2" uptake by Atlas 66 or Scout 66 (Table III) .
DISCUSSION Transmembrane Potentials
Exposure of wheat roots to 20 ytM Al resulted in a transient depolarization of Em, especially in mature regions of the roots for both varieties (Figs. 1 and 2 ). The depolarization could reflect an initial transient influx of Al into root cells, because the plants were grown in solution containing no Al. Alternatively, this response could reflect a membrane transient associated with a sudden increase in the Cl-concentration in the external solution, causing an increase in Cl-uptake mediated by a H+-coupled cotransport system. The observed electrical response (small depolarization followed by partial or full repolarization) is similar to that previously observed for both NO3-and C1-uptake in maize roots (17 (Figs. 1 and 2 ).
Calcium Fluxes
Using the Ca2"-selective microelectrode technique, we are able to measure net Ca2" fluxes at specific sites along intact wheat roots. In our preliminary experiments, we attempted to measure net Ca2" fluxes in 100 Mm CaCl2 solutions. However, the Ca2+ depletion gradients generated at the root surface were too small to make reliable measurements, due to the relatively high background Ca2`concentration, and the small rates of net Ca2" uptake. Preliminary experiments indicated that, if plants were pretreated in 20 Mm CaCl2 for 5 h, we were able to measure a stable net Ca24 uptake for several hours in a 20 gM CaCl2 solution. However, because of the low pH values used for this work (pH 4. It is interesting to note that net Ca2+ uptake is significantly greater in the root apical region than it is in mature root zones, an observation that has been made previously (4, 6) . The lack of any Ca2+ flux or effect of Al on Ca2+ transport in the cell wall preparations, along with the rapid and dramatic inhibition of root apical Ca2+ uptake by Al in intact roots, suggests that the Ca2+ flux measured at the apex is the result of transport into root cells. It is difficult to produce a mechanistic explanation for the larger Ca2+ flux at the apex, although the greater metabolic activity in this region of rapidly dividing and growing cells may be part of the reason for the difference in Ca transport between the apex and the mature root regions. and not in morphologically-intact root cell walls. Therefore, it appears that the rapid Al inhibition of net Ca2" uptake involves transport events at the root-cell plasma membrane. It should be noted that in this research we are measuring net Ca fluxes and, therefore, cannot distinguish between Al-induced inhibition ofunidirectional Ca2" influx and stimulation of Ca2" efflux. The most likely scenario involves blockage of a Ca2" channel in the root-cell plasma membrane by an interaction of Al with the channel at the outer face of the membrane. Research is currently underway, using "5Ca2", to study the Al effects on unidirectional Ca2" fluxes in intact roots of these two wheat varieties.
There is a dramatic difference in Al inhibition of net Ca uptake between Al-tolerant Atlas 66 and Al-sensitive Scout 66. Aluminum-tolerant Atlas 66 appears to have a much greater resistance to Al inhibition of Ca uptake than does Alsensitive Scout 66, especially at lower Al levels (5 ,M). This level of Al is very inhibitory to root growth in Scout (18) , and growth inhibition is first observed 2 to 3 h after Al exposure ( 12) . These results are potentially significant because they are the first example in the literature of a rapid effect of Al on a particular ion transport system that could possibly be causally related to primary aspects of Al toxicity. It has often been suggested that differences in Al tolerance may arise from differences in root cell walls, e.g. it has been reported that some Al-sensitive varieties have a higher root cation exchange capacity than do some Al-tolerant varieties (10, 24) , which could affect Al binding and accumulation in the root apoplasm. However, in the work reported here, we did not find significant differences between the root cell walls of Scout 66 and Atlas 66, as determined by the lack of an effect of Al exposure on Ca binding in the morphologically intact cell walls of either variety. It may be possible that Al is displacing Ca from the outer surface of the root-cell plasma membrane, resulting in a smaller apparent net Ca2+ flux across the membrane. If this is true, it would be expected that net Ca2" uptake should then increase after this putative exchange reaction reaches an equilibrium. However, net Ca2`uptake values did not change significantly after the initial decrease elicited by Al exposure, during the subsequent 60 min of Al treatment (Fig. 6A) . The results suggest that Al is directly inhibiting Ca transport across the root-cell plasma membrane.
It is possible that the root-cell plasma membrane structure may be somewhat different in the Al-tolerant and Al-sensitive varieties, such that the orientation of proteins exposed to the outer surface of the plasma membrane is different between the two varieties. Therefore, in the tolerant cultivar, the protein structure of the putative Ca2" channel may be such that it is not accessible to blockage by exogenous Al. However, this hypothetical situation would be limited to relatively low external Al concentrations. This is supported by the observation that 5 AM Al has little effect on net Ca uptake in Altolerant Atlas 66, but a higher Al level (20 AM) moderately inhibited Ca uptake in Atlas 66.
One of the advantages of the Ca2+-selective microelectrode approach used here is the high degree of spatial and temporal resolution, which allows for the study of initial Al effects on Ca2' transport. Before the present study, the first observed symptom of Al toxicity reported in the literature was an inhibition of root elongation within 2 to 3 h after exposure of the roots to toxic Al levels (12, 21) . In the present study, we found that Al inhibition of Ca2" transport occurred almost immediately after root exposure to Al. These results suggest that the Al inhibition of Ca2" transport may be involved in the initial phase of Al toxicity.
CONCLUSION
Results of the present study suggest that Al blocks Ca2+ transport across the root cell plasma membrane and does not act within the root cell wall to alter Ca2+ transport. Al inhibition of Ca2+ uptake was associated with differential Al tolerance, in that the Al-tolerant wheat cultivar exhibited a much greater resistance to Al inhibition of Ca2+ uptake than did the Al-sensitive cultivar. These results suggest, speculatively, that Al may cause phytotoxicity by blocking or altering root Ca2+ transport and/or Ca2' homeostatic processes.
